Context. NGC 6231 is a massive young star cluster, near the center of the Sco OB1 association. While its OB members are well studied, its low-mass population has received little attention. We present high-spatial resolution Chandra ACIS-I X-ray data, where we detect 1613 point X-ray sources. Aims. Our main aim is to clarify global properties of NGC 6231 down to low masses through a detailed membership assessment, and to study the cluster stars' spatial distribution, the origin of their X-ray emission, the cluster age and formation history, and initial mass function. Methods. We use X-ray data, complemented by optical/IR data, to establish cluster membership. The spatial distribution of different stellar subgroups also provides highly significant constraints on cluster membership, as does the distribution of X-ray hardness. We perform spectral modeling of group-stacked X-ray source spectra. Results. We find a large cluster population down to ∼ 0.3M ⊙ (complete to ∼ 1M ⊙ ), with minimal non-member contamination, with a definite age spread (1-8 Myrs) for the low-mass PMS stars. We argue that low-mass cluster stars also constitute the majority of the few hundreds unidentified X-ray sources. We find mass segregation for the most massive stars. The fraction of circumstellar-disk bearing members is found to be ∼ 5%. Photoevaporation of disks under the action of massive stars is suggested by the spatial distribution of the IR-excess stars. We also find strong Hα emission in 9% of cluster PMS stars. The dependence of X-ray properties on mass, stellar structure, and age agrees with extrapolations based on other young clusters. The cluster initial mass function, computed over ∼ 2 dex in mass, has a slope Γ ∼ −1.14. The total mass of cluster members above 1M ⊙ is 2.28 × 10 3 M ⊙ , and the inferred total mass is 4.38 × 10 3 M ⊙ . We also study the peculiar, hard X-ray spectrum of the Wolf-Rayet star WR 79.
Introduction
Massive stars in OB associations are easily identified as bright blue stars standing against fainter and redder background field stars, and being bright and observable up to large distances have been intensively studied over decades. The low-mass stars born in the same associations, however, have received much less attention in the past, because they are much fainter and difficult to discern from faint field stars. This is especially true if an OB association lies far away, low on the Galactic plane. The advent of X-ray observations, however, has provided an invaluable tool to find young low-mass stars, which are orders of magnitude brighter in X-rays than older field stars of the same mass and spectral types. Moreover, the sensitivity and spatial resolution of X-ray data available today from the Chandra X-ray observatory has permitted to extend these studies to the many regions farther than 1 kpc, previously unaccessible (due to insufficient sensitivity and strong source confusion) to earlier-generation Xray observatories such as ROSAT, thus enlarging enormously the sample of regions accessible for such detailed studies across almost the entire mass spectrum.
We have studied in X-rays with Chandra the young cluster NGC 6231, part of the Sco OB1 association, containing more than 100 OB stars (and one Wolf-Rayet star), with the purpose of studying its population, complete down to approximately one solar mass. These data show the existence of a very large lowmass star population in this cluster. We are therefore able to study in detail its spatial distribution, the cluster locus on the color-magnitude diagram and cluster age, the percentage of stars with T Tauri-like properties, and the cluster initial mass function (IMF).
NGC 6231 was already observed in X-rays with XMMNewton (Sana et al. 2006a) , with the detection of 610 X-ray sources; X-ray emitting OB stars were studied by Sana et al. (2006b) , and the lower-mass X-ray sources by Sana et al. (2007) . Despite these XMM-Newton data being potentially deeper than ours (total exposure 180 ks, with larger instrument effective area), and over a wider field, they are severely background-and confusion-limited, and their source catalog contains much less than one-half sources than the new X-ray source catalog we present in this paper.
An extensive survey of the published literature on NGC 6231 was made by Sana et al. (2006a) , mainly optical photometric and spectroscopic studies of cluster membership, distance, radial velocities, variability and binarity, with main emphasis on massive stars. Until not long ago, optical photometric studies extending to low-mass stars were few, with limited spatial coverage and/or relatively shallow limiting magnitude (Sung, Bessell and Lee 1998, hereafter SBL; Baume, Vázquez and Feinstein 1999) . More recently, several of these limitations were overcome by the work of Sung et al. (2013a; SSB) , who made deep (about V < 21), wide-field UBVI and Hα photometry in the NGC 6231 A&A proofs: manuscript no. region. Moreover, the cluster has data in the VPHAS+ DR2 catalog (Drew et al. 2014) including ugri and Hα magnitudes, down to a depth comparable to SSB. Noteworthy is the large fraction of binaries among massive stars, as found by Raboud (1996) , García and Mermilliod (2001) , and Sana et al. (2008) . SSB derive a distance modulus for NGC 6231 of 11.0 (1585 pc), a reddening E(B − V) = 0.47, and a nearly normal reddening law with R = 3.2. We adopt these values for the present work. This paper is structured as follows: Section 2 presents our Chandra data on NGC 6231 and the source detection procedure; the X-ray source cluster morphology is studied in Section 3; Section 4 describes the identification of detected sources with the available optical and near-IR catalogues; in Section 5 we examine the properties of the X-ray selected cluster population using color-magnitude and color-color diagrams; spatial distributions of subgroups of candidate members are studied in Section 6; low-resolution ACIS X-ray spectra are studied in Section 7, and X-rays from massive OB stars are studied in Section 8; eventually, the dependence of X-ray emission on stellar properties is studied in Section 9, and compared to other young clusters within an evolutionary framework; a detailed cluster IMF is computed in Section 10; last, we summarize our findings in Section 11. An appendix is devoted to the spatial distribution of reddening.
The Chandra X-ray observations and source detection
NGC 6231 was observed twice in X-rays with the ACIS-I detector onboard the Chandra X-ray Observatory on 2005, July 3-4 (ObsId 5372) and 16-17 (ObsID 6291), respectively. The two pointings share the same center (aimpoint) but were performed with a different roll angle. Effective exposure times were 76.19 and 44.39 ks, respectively, so that the total exposure time was 120.58 ks. The combined, deep image of NGC 6231 is shown in Figure 1 (slightly smoothed to emphasize sources), where it is clear how crucial is the high spatial resolution of Chandra (onaxis PSF FWHM ∼ 0.5 ′′ ) to resolve the very crowded cluster population. At the cluster distance, the ACIS field (16.9
′ on a side) corresponds to 7.81 × 7.81 pc.
The data were filtered to retain the energy band 0.3-8.0 keV, and the full-field lightcurves were inspected to search for highbackground periods, but none were found. Exposure maps were computed using standard CIAO software tasks. To these prepared datasets, we applied the source detection software PWDetect, a wavelet-based detection algorithm developed at INAFOsservatorio Astronomico di Palermo 1 , already used with success in the analysis of crowded star clusters (e.g., NGC 6530, Damiani et al. 2004 , the COUP data on the Orion Nebula Cluster (ONC), Getman et al. 2005 , NGC 2362 , Damiani et al. 2006a ). This algorithm is based on its earlier ROSAT version wdetect (Damiani et al. 1997a,b) . The PWDetect version used here is a modified one, able to detect sources in combined datasets, thus taking fully advantage of the deep total exposure (this version was already used to analyze the even more varied set of Chandra data on the open cluster NGC 2516, Damiani et al. 2003 , and the COUP data). The detection threshold was chosen such as to yield ten spurious detections in the field of view (FOV), for the given background counts. This is a more relaxed constraint than the more usual limit of one spurious detection per field, but is justified when the lowered threshold allows the detection of more than one hundred additional faint sources, as it was the case here or in the COUP Orion data.
Since the two pointings have different roll angles, a few sources were falling in one but not in the other (Figure 1 ), and they were also included in the final source list. Overall, we detect 1613 individual X-ray sources, listed in Table 1 .
Cluster size and morphology
The very large number of X-ray sources in the Chandra image, compared to the average galactic-plane field, and their clustered distribution, strongly suggest that most X-ray sources are indeed cluster members. Very young stars are known to emit copious X-rays, with X-ray luminosities typically 10 3 − 10 4 times higher than (older) field stars. X-ray detection is therefore an important, if not conclusive, membership criterion, which we will use in combination with the optical and infrared data for these stars to find a list of good candidate members of the cluster.
The cluster has (almost) a circular symmetry, and we have studied its radial profile by counting detected sources in annuli, centered on the median position of all X-ray sources: (α, δ) = (16:54:14.4, -41:49:54.8). We consider only detections with more than 20 counts, i.e. detectable across the whole FOV, to be free from off-axis dependent sensitivity effects (mainly due to the strongly varying PSF). The cluster profile is shown in Figure 2 : the source density falls down by a factor of 2 within 3 arcmin (1.39 pc) from center, and becomes compatible with an average Galactic-plane value beyond 9-10 arcmin. This characteristic radius is 48% larger than the corresponding radius of NGC 2362, determined with exactly the same method and above nearly the same count-rate threshold (Damiani et al. 2006a) .
To estimate an appropriate Galactic-plane X-ray source density above the same threshold, in the direction of NGC 6231, we have selected from the Chandra archive a reference pointing on the Galactic plane, purposely free from extended sources or star clusters, and as close as possible in angular distance from galactic-center, and exposure time, to our pointings. One such dataset is ObsId 2298 (PI: K.Ebisawa), with exposure 98.7 ks, at galactic coordinates (l, b) = (28.56, −0.02) (NGC 6231 lies at (343.46, 1.17)). The source density above 18 counts (i.e. 20 counts scaled to the exposure-time ratio) is shown as a dotted horizontal line in Figure 2 . This galactic plane density value is only approximately appropriate, since it depends strongly on the actual pointing direction, and decreases with distance from the Galactic Center and Galactic Plane (which are not the same for NGC 6231 and the reference field). A corresponding reference field for NGC 2362 showed a distinctly lower source density than ObsId 2298 (see Damiani et al. 2006a ).
Upon close inspection, the distribution of X-ray sources in NGC 6231 is not exactly circular, but slightly elongated. We applied a principal-component analysis to source positions (limited to off-axis less than 7 arcmin, to be unaffected by the square ACIS-I shape), and found a symmetry axis inclined by 35 degrees from North (Figure 3) , namely approximately normal to the Galactic Plane. The rms distances of sources from cluster center along and across such axis differ by 15%. There is however no apparent dependence of stellar properties on this elongated morphology: ages and masses (to be studied below) are distributed identically on opposite sides along the symmetry axis. This elongation might be related to the origin of the cluster itself: Rees and Cudworth (2003) suggested that the passage through the galactic disk of the globular cluster NGC 6397 might have triggered formation of NGC 6231.
Optical and IR identifications of X-ray sources
We have identified our X-ray detections with stars in the SSB catalog, in the VPHAS+ catalog, and the 2MASS catalog. Each of these catalogues covers fully our combined X-ray FOV. Source identification was first made with 2MASS (as astrometric reference), using individual position errors computed by PWDetect for X-ray detections and catalogued values for 2MASS sources 2 . Matches were accepted within a distance of 4 σ times the combined position uncertainty. In this way we found and corrected a systematic shift between X-ray-and 2MASS positions, of 0.08 ′′ in R.A., and 0.12 ′′ in Declination. After accounting for these corrections, we find 1087 2MASS identifications for our X-ray sources. Among them, the estimated number of spurious identifications is 126.
We proceeded in an analogous way in matching X-ray sources with the VPHAS+ and SSB catalogues. VPHAS+ identifications are 1164, while SSB yielded 1081 identifications 3 . The estimated numbers of spurious X-ray identifications are 90 for VPHAS+ stars and 83 for SSB stars. The three catalogues, although spatially complete across our X-ray FOV, have each its own incompleteness, so that the overlap of the three identifica- Fig. 3 . Spatial distribution of all detected X-ray sources (crosses), and of stars from the SSB optical catalogue (dots) within 15
′ of cluster center. The two tilted blue squares are the two ACIS-I FOVs. The dashed line running almost diagonally throughout the figure is the cluster symmetry axis obtained from our principal-component analysis. The Galactic Plane direction is here approximately towards South-East. The big red arrow at top right indicates galactic North. Color codes for X-ray detected sources (crosses) are: blue for OB stars, cyan for A-F (including some B-type) stars, red for low-mass pre-main-sequence stars, purple for field MS stars, magenta for foreground stars, and green for optically unidentified sources. tion lists is not complete (nor is any of the lists simply a subset of any other list). There are 161 SSB X-ray identifications without a VPHAS+ counterpart, and 151 without a 2MASS counterpart. This is due mostly to incompleteness of the latter two catalogues at the bright end: NGC 6231 is a rich cluster, with its brightest stars having V ∼ 5, or 15-16 magnitudes above the faint limit of those catalogues. On the other hand, we have checked that the SSB catalogue depth is not uniform across the FOV: the southwest quadrant is ∼ 1.5 magnitudes shallower than the rest of the region. As a result, 249 X-ray sources with a VPHAS+ identification have no counterpart in the SSB catalogue, and 226 have also no counterpart in 2MASS. Finally, among the 2MASS identifications of X-ray sources, 179 have no VPHAS+ counterpart, and another 179 have no SSB counterpart. Overall, the number of X-ray sources with at least a counterpart in any of the optical/2MASS catalogues is 1374; only 239 X-ray sources remained without any identification. Results from this identification procedure are given in Table 2 .
Color-magnitude and color-color diagrams

Stellar groups
In Figure 4 we present a (V, V − I) color-magnitude diagram (CMD), of both X-ray detected and undetected stars in the ACIS FOV, using the SSB photometry. The solid line is the Siess et al. (2000) zero-age main sequence (ZAMS) using the Kenyon and Hartmann (1995; KH95) color transformation. This reproduces approximately the lower envelope of field-star datapoints. Very conspicuous is the lack of faint blue stars below it, which indi- Crosses are X-ray sources, with color codes as in Fig. 3 , while dots are X-ray undetected stars. The solid green line is the ZAMS at the cluster distance and reddening. The black polygons are used to define stellar groups, as labeled. The cluster extinction vector is also shown.
cates a rapid rise of extinction with distance. In the case of an extinction "wall", as is the case behind the cluster NGC 6530 (Prisinzano et al. 2005) , the ZAMS shape describes accurately the lower envelope of field-star datapoints in the CMD. The characteristics ZAMS shape becomes instead unrecognizable when extinction increases more slowly with distance. In the case of NGC 6231 the agreement between the ZAMS shape and observed datapoints is limited, so we cannot unambiguously determine the presence of an extinction wall just behind the cluster. Nevertheless, evidence for a sharp extinction rise somewhere behind the cluster and its neighborhood, based on IR color distributions, is discussed in Appendix A. From the CMD in Figure 4 , it is clear that the majority of Xray sources consist of many tens of bright stars on the ZAMS, and hundreds stars in a 2-3 mag wide band above the lowmass main sequence (MS) at V − I > 1, which is natural to identify as the cluster pre-main-sequence (PMS) band, as also found by Sana et al. (2007) . Accordingly, we define five main star groups from their position in the CMD of Fig. 4 , as indicated: the OB (main-sequence or evolved) stars, the A-F stars which have just arrived on the main sequence (or are about to arrive), the PMS stars making the bulk of the X-ray detections, and Field-MS/Foreground stars as X-ray detections distinctly below/above the PMS band. At the bright end, several stars in the SSB catalogue lack a V − I color value but have a B − V value; we included these latter in the OB group if B − V < 0.65 and V < 11. The upper main sequence of NGC 6231 is better shown in the (V, B − V) CMD of Figure 5 , where only stars brighter than V = 14) are included, with their spectral types indicated (when available from SIMBAD). All stars brighter than V ∼ 9.3 are detected in X-rays, including 4 OB supergiants and the WolfRayet star HD 152270 (WR 79, X-ray #1008). Spectral types of stars fainter than V ∼ 12 are increasingly rare, so there is little detailed information available for individual stars in NGC 6231. At the faint end of the complete CMD, the grouping based on the SSB catalogue was complemented with the VPHAS+ catalogue, using the (r, r − i) CMD shown in Figure 6 . A sixth group is also defined, which comprises all X-ray sources not identified with an optical star. Overall we classify 31 X-ray sources in the OB group, 95 in the A-F group, 1035 in the PMS group, 80 in the Field-MS group, 18 in the foreground, and 354 as optically unidentified. The nature of these latter X-ray sources, and the completeness of our X-ray catalogue at the lowest masses is discussed below.
We use the (U − B, B − V) optical color-color diagram of Figure 7 to estimate whether there is a different extinction affecting massive and low-mass stars, and whether stars with strong UV excesses are present in the cluster (as is typical of e.g. strongly accreting T Tauri stars). It turns out that the same average reddening value describes well nearly all X-ray detected stars, with most of the exceptions having large photometric errors. While a definite spread, exceeding photometric errors, exists for massive stars (in agreement with SSB), the spread for low-mass stars can be accounted for by the photometric errors. In any case, the fact that the average reddening is the same for all stars implies that its nature is interstellar (foreground), not circumstellar. Moreover, there is no conclusive evidence of UV excesses in a significant number of cluster stars, including those showing Hα emission or IR excesses, to be defined below, which are diagnostics of accretion and circumstellar disks in PMS cluster members.
Cluster age and age spread
We have compared the positions of the PMS cluster members in the CMD with available model isochrones. The set of models by Baraffe et al. (2015; BHAC) , shown in Fig. 8 with green lines, describe well the observed cluster locus, with inferred ages and spread independent of mass. The BHAC models are limited to stars with M < 1.4M ⊙ . Therefore, we have also considered the older Siess et al. (2000) isochrones, also shown in Fig. 8 with blue lines, which perform less well in the same mass range (with color-depending inferred ages for our stars). We have therefore adopted preferentially the BHAC isochrones as reference, and the Siess et al. ones only for M > 1.4M ⊙ . With these choices, the bulk of cluster PMS stars fall in the age range 1-8 Myr, in good agreement with the ages found by SSB (4-7 Myr for the massive stars, 1-7 Myr for low-mass PMS stars).
A&A proofs: manuscript no. Damiani-NGC6231 We have studied if the spread in the PMS band of NGC 6231 is significant with respect to errors, and the age spread this might imply. To better quantify such a spread, V magnitude differences were computed with respect to the BHAC 5-Myr isochrone, but this yielded color-dependent residuals when examined in detail. Therefore, we proceeded by using an empirical running-mean fit to the PMS cluster stars, which yielded colorindependent residuals ∆V, as shown in Figure 9 (red crosses). In the same Figure we show with blue segments the (colordependent) averages of total error on ∆V, computed as dV =
, where δV and δ(V − I) are the photometric errors given by SSB. This formulation is necessary since even if (hypothetically) the V magnitude error δV were equal to zero, the V − I error would still produce a broadened sequence, and therefore a spread in V, to an amount proportional to the local slope of the cluster sequence, here being ∂V ∂(V−I) ∼ 3.37. Figure 9 shows that, except for the reddest cluster stars, total errors on ∆V are much smaller than the observed spread, which is therefore real, and attributable to an age spread but also to some extent to binaries.
A histogram showing the distribution of ∆V is shown in Figure 10 . It is clear that the distribution is asymmetrical, with a more extended tail at negative values. This might be due to the time-varying star-formation rate in the cluster, in the absence of binaries. However, postulating the absence of binaries is highly unlikely (especially since a large binary fraction of at least 68% was found for massive stars by Sana et al. 2008) . A low-mass binary sequence is found in the 5 Myr old cluster NGC2362 by Moitinho et al. (2001) , thanks to its exceptionally clear CMD. We have therefore modeled the ∆V distribution using two Gaussians (for single and binary stars respectively), with the same width σ, separated by a fixed interval of 0.752 magnitudes, and independent normalizations. The best-fit model, shown with the red line in the Figure, reproduces well the observed histogram: its parameters are σ = 0.33 mag, and normalization ra- tio 0.235 (binaries/singles). Such binary fraction is much lower than that of massive stars, but it must be remarked that it refers to (near) equal-mass binaries only, so it is actually a lower limit. The 0.33 mag net spread on ∆V (still much larger than errors on ∆V, as derived above) is instead attributed to intrinsic age spread among the cluster PMS stars. Compared to the BHAC isochrones, this amounts to approximately a factor of two on either direction (1σ) from median, so that the bulk of PMS stars is derived to have ages in the range 1.5-7 Myr. 
Hα emission stars
SBL tried to find low-mass NGC 6231 stars on the basis of their enhanced Hα emission, typical of T Tauri stars, but found only a relatively small number of stars, with an inferred low-mass depleted IMF. This was later rectified by the work of SSB, who found a much richer low-mass population. The Hα photometry presented by SBL, and to a deeper limiting magnitude by SSB, keeps its value as a tool to study the fraction of PMS cluster stars showing classical T Tauri star (CTTS) characteristics, as opposed to PMS stars exhibiting only weak emission lines (weak-line T Tauri stars -WTTS). Moreover, some CTTS with thick circumstellar envelopes might remain undetected in X-rays, so that a strong Hα emission complements X-rays as a cluster membership indicator. The selection of CTTS using the SSB photometric data is conveniently done (as these authors already did) using a diagram of their Hα index vs. V − I color, which we reproduce in Figure 11 with the addition of our X-ray detections. The dashed line is a nominal limit to separate CTTS (all stars above it) from WTTS and other non-emission stars. We have set this limit in a more conservative way than SSB. As just mentioned, not all CTTS selected using this diagram are X-ray sources (crosses). A useful complement to the SSB photometry is the VPHAS+ photometry, also including an Hα emission index r − Hα. A diagram showing this index vs. color r − i (also from VPHAS+) is in Figure 12 . The nominal separation between CTTS and nonemission stars shown in the Figure is taken from Kalari et al. (2015) . Therefore, we have defined CTTS in NGC 6231 as the union of the CTTS samples derived from SSB and VPHAS+ catalogues (203 stars in the ACIS FOV, of which 98 in the PMS locus). The total number of PMS stars (either X-ray or Hα-selected) becomes 1075, and the CTTS/total number ratio is 9.1%. Most of the Hα-selected stars falling outside the cluster PMS band lie in the Field-MS band (101 stars), which is a somewhat surprisingly large number of stars for a sample of foreground main-sequence field stars. There is still the possibil- ity that some (maybe most) of these near-MS Hα-excess stars are true PMS NGC 6231 members, with peculiar optical colors making them appear bluer, or at lower luminosity, than the bulk of cluster PMS stars. An analogous situation was described by Damiani et al. (2006b) in NGC6530 and Guarcello et al. (2010a) in NGC6611, and cannot be discarded here. If the near-MS Hα-emission stars in NGC 6231 are PMS members, their X-ray detection rate (7/101 stars) is remarkably low, compared to the Xray detection rate of Hα-emission stars in the PMS band (58/98 stars). Also in NGC 2264 several Hα-emitting candidate members are found near or even below the MS, and typically lack X-ray emission, perhaps because of absorption by a nearly edgeon disk (Sung et al. 2004 ). However, since we lack for the moment a definite indication that the near-MS Hα-emission stars are indeed members, we conservatively exclude them from further considerations in the following.
Also worth consideration is a diagram of index Hα (from SSB) vs. V magnitude ( Figure 13 ). Besides the Hα-excess stars already selected, this diagram shows a discontinuity in the distribution of X-ray sources around V = 14, which is not found in other clusters (see e.g. the analogous diagram for NGC6530, Figure 14 in Damiani et al. 2004) . By comparison with the (V, V − I) diagram, we see that near V = 14 we find the bulk of A stars just settled on the main sequence, after crossing in a relatively short time the diagram horizontally. Because of this, in Figure 13 near V = 14 a color gap separates a rich group of A stars (with deep Hα absorption lines, and lowest values of Hα index), from G stars with weak (photospheric) Hα lines. At younger ages (e.g. 2-3 Myr as NGC 6530) A-type stars have not yet arrived on the main-sequence, but are found, in a smaller number, on their PMS radiative tracks, during a rapid transition to become main-sequence B stars. Therefore, a diagram like that of Figure 13 can be another useful age indicator for a cluster, where the Hα index discontinuity increases with age from 2 to 10 Myrs. This allows us to trust more confidently the NGC 6231 isochronal age derived above. 
IR diagrams
The 2MASS photometry provides us with additional useful information on the studied stars. We first consider mixed optical-IR color-color diagrams, such as the ( a reddened photosphere. The bulk of cluster and field stars in Fig. 14 lie at positions consistent with normal photospheric colors; to the right of the dashed line, the H − K color is too red, however, for a normal reddened photosphere, and there is an excess emission in the K band, probably because of the presence on a circumstellar dust disk. Tens of X-ray detected stars in the PMS band (in the optical CMD) also fall in this part of the diagram, consistent with their being CTTS; several of them are also Hα-excess stars. Some care must be used, however, before claiming that these stars do really possess an IR excess (and a dusty disk) because of their placement in this diagram, because such a mixed representation is obtained by matching two large catalogues, and spurious matches would easily produce "stars" with strange colors. We have therefore evaluated the number of spurious matches using the method explained in Damiani et al. (2006b) , most appropriate when two matched catalogues contain an expected large number of truly common objects, like here. The result is a predicted number of 8.5 spurious matches in the ACIS FOV, between 2MASS and the SSB catalogue, or 0.23% of total 2MASS-SSB matches in the ACIS FOV (3685). This number is much smaller than the number of stars to the right of the dashed line in Fig. 14 , and therefore most of these latter must be true IR-excess stars. However, we may take a step further, by considering the match between the VPHAS+ and 2MASS catalogues. Although the SSB and VPHAS+ photometry have most stars in common, they are statistically independent datasets, with independent errors: therefore, spurious matches between SSB and 2MASS will not generally coincide with those between VPHAS+ and 2MASS. By matching these two latter catalogues, we obtain the (r − i, H − K) diagram of Figure 15 , which again shows a large number of candidate IR-excess stars, with an estimated number of 16.7 spurious matches (0.38% of all 4441 matches in the FOV). If the two set of matches were completely independent, the joint probability that an optical-2MASS match is spurious in both the SSB and VPHAS+ cases is 0.0023×0.0038 = 8.74·10 −6 , i.e. much less than one star in the whole dataset; in reality, some covariance can be expected so this estimate is excessively optimistic. Nevertheless, the intersection between the candidate IR-excess stars found in Figures 14 and 15 may be considered as a high-confidence IR-excess star sample (only these high-confidence stars are indicated with orange triangles in the Figures). Disregarding errors on the optical and IR colors, their number would be 163 stars. Taking instead a more conservative limit of a 3σ minimum distance from the fiducial limit, this number reduces to 48 IR-excess stars, which we adopt here as the most reliable sample. Had we taken the union of the two IR-excess samples, their number would have been of 79 stars. Only 7 of the high-confidence IR-excess stars are also Hα-emission stars. We will examine the membership status of the IR-excess stars below.
In the most favorable case of 100% membership, the number of IR-excess stars would imply a circumstellar disk frequency of 4.6% for NGC 6231 PMS stars (becoming 15.7% if the IRexcess star selection is performed less conservatively, as often made). This percentage is much smaller than that found in clusters like the ONC (where almost all stars are found to have disks), but compares well to other high-mass clusters such as NGC 2362 (1500 pc, age 5 Myr), where different studies converged to an estimated disk percentage of ∼ 10% (Haisch et al. 2001; Damiani et al. 2006a) . Figure 16 is a (J, J − H) CMD for all 2MASS sources in the ACIS FOV. The X-ray selected stars follow well the Siess and BHAC 5-Myr isochrones (the scatter being too large to enable discrimination between the two). The X-ray undetected field stars appear to split in two main groups: one at nearly the same J − H colors as the cluster, and a much redder one at J − H ∼ 1.5 − 2. Appendix A discusses the IR color distribution of field stars in more detail. Almost all the Hα-emission stars selected above fall in the low-extinction group. About onehalf of the IR-excess stars defined above lie at low extinction, while the other half are found in the high-extinction group, probably because of local, circumstellar dust absorption. A dozen of optically unidentified X-ray sources (green crosses) are here found among the high-extinction 2MASS sources, free from IR excesses: these are probably background, X-ray bright objects unrelated to the cluster.
When considering the (J − H, H − K) color-color diagram (Figure 17 ), the X-ray detected and Hα-excess stars are both found at a place consistent with low and uniform extinction. Most of the high-extinction objects just discussed fall on a reddened-MS path. In this diagram, less than a dozen stars exhibit significant K-band excesses with respect to reddened MS colors, among which only three detected in X-rays. A few tens additional stars have possible excesses as well, but at a low significance level, and are not considered. Note that in any case the population of X-ray sources in the "T Tauri star locus" (Meyer et al. 1997 ) is considerably less numerous than in the IR colorcolor diagram of other massive clusters like NGC6530 (Damiani et al. 2006b ) or the (less massive) ONC, suggesting that stars in NGC 6231 are found in a different (later) stage of disk-clearing with respect to those younger clusters. Also in the Cyg OB2 association, more massive than NGC 6231, the 2MASS colorcolor diagram yielded only a low number of IR-excess PMS stars (Albacete- Colombo et al. 2007) . Figure 17 does not show an extremely red object (2MASS J16532258-4148294: J − H = 4.59, H − K = 3.34) falling off to the right, which at first seemed an embedded protostar (with a K band excess), none of which are known in NGC 6231 (we noted above that no stars younger than about 2 Myr are found in the cluster). This object falls in the North-Western outer part of the ACIS FOV. From its J − H and H − K colors, an optical extinction of A V ∼ 25 mag is estimated; it has no optical nor X-ray counterpart in our data. Rather than with a protostar, it is probably better identified with the strong IR source IRAS 16498-4143 (within 4.6 ′′ ) and with the maser source OH 343.4+1.3 (at 0.68 ′′ ), which is a candidate OH/IR giant (Sevenster et al. 1997 ).
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Spatial distributions of stellar groups
Each of the groups defined above contains a large enough number of stars that their spatial distributions carry significant information on the group content. We have computed the cumulative distributions of distances from cluster center (defined in section 3) for X-ray detected sources in all groups, as shown in Fig counts at the outer border, spatially-unbiased distributions require consideration of detections with more than 20 counts only. The expected distribution of objects falling uniformly across the combined ACIS FOV ('flat distribution') is also shown for comparison. Groups 1-6 are disjoint samples (no common stars), while Hα-excess and IR-excess samples are actually subsets of the other groups (uncategorized by group). Stars in groups 1-3 (OB, A-F, and PMS stars) are obviously more strongly concentrated than the uniform distribution. OB stars are much more concentrated than the A-F stars, which we take as evidence of mass segregation, as already claimed for NGC 6231 massive stars by Raboud and Mermilliod (1998) , Raboud (1999) , and SSB. The same phenomenon was found in other massive clusters (e.g. λ Ori, Mathieu 2001, 2002; NGC 2362 , Damiani et al. 2006a . Segregation seems instead not present among the X-ray detected A-F stars, whose spatial distribution is nearly identical to that of PMS stars. The very centrally concentrated distribution of the optically unidentified X-ray sources in group 6, very similar to that of the OB stars, is very interesting. We rule out that these are OB stars, since the SSB catalog is complete at bright magnitudes; they cannot even be dominated by highly-reddened OB stars, since only few of them appear as reddened objects in the IR diagrams discussed above, and the X-ray spectral data (to be discussed below) indicate no particularly large extinction for the bulk of them. Therefore, the best explanation for their strong central clustering is that their missed optical counterparts are faint cluster stars hidden in the glare of the brightest cluster stars (10-15 magnitudes brighter). This is supported by the DSS image in Fig. 19 , where we show the positions of the unidentified X-ray sources (green crosses), nearly coincident with the brightest stars. The Chandra X-ray image of NGC 6231 does not suffer from glare, because the luminosity contrast between the high-mass stars and the lowest-mass ones is attenuated by a factor of ∼ 10 4 with respect to the optical (X-ray to bolometric luminosity ratios will be discussed below). Therefore, a large fraction of the optically unidentified X-ray sources should be considered as cluster mem-bers. We discuss these stars in greater detail on the basis of the X-ray data below.
The X-ray detected Hα-emission stars (brown dashed line in Fig. 18 ) have a spatial distribution extremely similar to that of cluster PMS stars, and are indeed strongly dominated by CTTS members of the cluster. The distribution of IR-excess stars is markedly wider, instead, and more similar to a flat distribution. This may be attributed to (at least) three causes: 1) the IR-excess stars are generally not cluster members; 2) 2MASS data near the cluster center are biased; 3) genuine cluster members with disk avoid the central cluster region and the OB stars concentrated there. Of these hypotheses, the first seems unlikely, since the IRexcess stars found here are too many for a field population, at a distance no greater than the cluster. The second hypothesis is partially true, since the spatial density of 2MASS sources fainter than J ∼ 15 is found to be lower near cluster center than in the outer parts, which is again explained by the glare of massive stars preventing detection of the faintest stars nearby; we checked, however, that the difference between the spatial distributions of PMS stars in group 3 and IR-excess stars still remains for brighter 2MASS sources (J < 15), at a significance level of 99.67%: therefore, this favors our third hypothesis, that indeed circumstellar disks tend to avoid the vicinity of OB stars, where they are disrupted on shorter timescales. A similar result was obtained by Guarcello et al. (2007 Guarcello et al. ( , 2010b in the case of the massive cluster NGC 6611, and very recently by Zeidler et al. (2016) for Westerlund 2. X-ray detected stars in the Field-MS and Foreground groups have spatial distributions similar to a flat distribution, consistently with these groups being composed of field stars. The statistical significance of the pairwise differences between these distributions was tested by means of KolmogorovSmirnov tests, whose results are reported in Table 3 . Figure 20 shows instead the spatial distributions of stars undetected in X-rays (or detected with less than 20 counts) in the various groups, in the ACIS FOV. Here stars in groups 3-6 have distributions nearly identical to a flat distribution. The X-ray undetected OB stars have instead a centrally-clustered distribution, but less so than the X-ray detected OB stars of Fig. 18 . This intermediate degree of central clustering may be explained by noting that the X-ray undetected massive stars are in fact all of B type (Fig. 5) , and these may be less centrally segregated than the more massive stars. Because of their rarity, both X-ray detected and undetected OB stars must be cluster members. The X-ray undetected A-F stars also have a spatial distribution similar to the undetected B stars, and nearly identical to that of the X-ray detected A-F stars of Fig. 18 . Therefore, the fraction of field stars in both the X-ray detected and undetected A-F groups must be very nearly the same. The X-ray detected A-F stars have in turn a distribution almost coincident with the cluster PMS stars, as mentioned above, which suggests that (nearly) all A-F stars, either X-ray detected or not, are cluster members. To avoid this conclusion, one should hypothesize a rather ad-hoc combination of mildly-segregated A/B-type stars plus some number of uniformly-distributed A-F field stars, whose combined spatial distribution would mimic that of cluster PMS stars: this seems rather unlikely.
The distribution of Hα-emitting stars not detected in X-rays is intermediate between a flat one and the distribution of cluster PMS stars. The Hα thresholds used to define the Hα-emitting sample are appropriate to CTTS stars (above the chromospheric Hα level), which are not expected to be found among field stars. If all Hα-emitting stars are indeed members, such broader distribution with respect to all cluster PMS stars might again be a clue that accretion from circumstellar disks terminates earlier in the innermost cluster regions where OB stars are found. The distribution of X-ray undetected IR-excess stars is very similar to that of X-ray detected ones, so again the same considerations apply.
X-ray spectra
The low-resolution X-ray spectra provided by ACIS are useful both to help classifying the detected sources, and to obtain information on the nature of their X-ray emission. Most of the X-ray sources are relatively faint: only 16 have more than 500 X-ray counts (all massive stars or flaring Group 3 stars), and 176 have more than 100 counts. Therefore, only for a very small fraction of sources we can attemp to fit their individual spectra to obtain meaningful spectral parameters. However, some spectral information can also be obtained by considering X-ray hardness ratios, even for sources with few counts.
X-ray hardness ratios
We define here two hardness ratios as HR1
, where S , M, and H are the source X-ray counts in the soft (0.3-1.2 keV), medium (1.2-2.2 keV), and hard (2.2-8.0 keV) bands, respectively. Relatively high values of HR1 and HR2 are indicative of harder (hotter) X-ray emission, while a high HR1 is also indicative of high absorption, the latter hiding selectively the softer emission. The hardness ratios of our detections are reported in Table 1 . We show the cumulative distributions of HR1 and HR2 for the different groups of sources in NGC 6231 in Figures 21 and 22 , respectively. Only non-flaring sources with more than 20 X-ray counts are included in these distributions, since flaring spectra may be much harder than quiescent ones, and introduce a bias 4 . Figure 21 shows that A&A proofs: manuscript no. Damiani-NGC6231 the median HR1 is very nearly the same for all groups, except for the OB stars, which have a lower median HR1. We have discussed in Section 5 that OB and low-mass PMS stars share a common average extinction value, and therefore the low median HR1 for OB stars is unlikely to be related to a lower absorption. Since massive stars are typically softer X-ray sources than lowermass stars, the lower HR1 is more probably related to a predominantly softer emission rather than to an increased absorption with respect to lower-mass X-ray sources. Figure 21 shows also some difference among the different groups in the upper tail of the HR1 distribution, with an extended tail more prominent among Field-MS and unidentified X-ray sources. This is still more obvious from the HR2 distribution of Figure 22 (where we find again a lower median for OB stars, related to their soft emission spectrum): here sources in the Field-MS and unidentified groups are distributed in a distinctly different way than other sources, showing enough X-ray emission above 2.2 keV to raise the HR2 value above zero in ∼35% of cases. The discussion above suggests that the majority of the Field-MS sources are not cluster members, and we will not discuss them further; on the other hand, we argued that most of the unidentified X-ray sources are good candidate members, so that their HR2 distribution being so different from that of the cluster stars is puzzling. Fig. 22 suggests that a threshold near HR2=0 may be an effective means of separating X-ray sources of dif- ferent nature inside these two groups. Accordingly, the spatial distributions of sources in these two groups are shown again in Figure 23 , but separately for sources having HR2 less and greater than zero, respectively. The Figure shows that the softer sources in each group have a more centrally concentrated distribution than the hard sources. In particular, this reinforces our earlier suggestion that the unidentified sources with HR2< 0 are all cluster members. The limited statistics of the two Field-MS subsamples is such as the distributions of both the harder and softer sources are compatible with a flat distribution (non-members). A bit puzzling is the distribution of unidentified sources with HR2> 0, found significantly different than a flat distribution (99.98% level), which would suggest that these unusually hard (but non-flaring), weak X-ray sources are clustered towards the center of NGC 6231. A caveat against this conclusion might be that unidentified X-ray sources are rarer in the outer part of the FOV (regardless of their spectrum) simply because the wider ACIS PSF there ensures more counterparts to be found (including spurious ones). Therefore, we conclude that only the unidentified X-ray sources with HR2< 0 should be reliably included among cluster candidate members. 
X-ray spectral fits
As said above, only very few X-ray sources in NGC 6231 are detected with more than 500 counts, and therefore X-ray spectral parameters cannot be reliably determined for the great majority of sources. However, the cumulative number of X-ray counts for all sources in a given group is generally high enough for a meaningful spectral fit, assuming that their intrinsic spectra are homogeneous enough for this treatment to make sense. The above distributions of hardness ratios HR1, HR2 are narrow enough to support this assumption, except for the hard/soft dichotomy among the unidentified sources, which were therefore treated separately. While in principle also the Field-MS sources would need to be similarly splitted into a soft and hard group, in practice their total X-ray counts are too few to permit this. Moreover, the richest group of PMS stars was split in two subgroups, respectively bluer and redder than V − I = 2.2. This was motivated by the apparent trend of increasing HR2 towards fainter PMS members, as shown in Figure 24 . Therefore, we proceeded by computing summed spectra of all sources in a group and fitting the average spectra thus obtained, using Xspec v12. We excluded from this procedure sources showing flares, and also the 9 nonflaring, massive sources with more than 500 counts 5 , which are exceedingly stronger than the rest of stacked spectra, and whose inclusion would make the group too inhomogeneous. We jointly fit X-ray spectra from both ObsId 5372 and 6291; however, the cumulative group spectrum from each ObsId has its own instrument response function, and their combination is done only at the fitting stage by Xspec. We have attempted to fit these combined spectra using six different models, choosing afterwards the one giving the most successful fits. All six models are threetemperature (3T) APEC models. In models 1-5, the three temperatures are fixed at the values of 0.5, 1.0 and 2.0 keV, respectively, while in model 6 they are allowed to vary. The metal abundance is held fixed at 0.1 times solar in models 1-3, and at 0.3 solar in models 4-6. Absorption N H is held fixed at 3.22 × 10 21 cm −2 (as derived from the optical extinction) in models 2,3 and 5, and left free in the other cases. The emission-measure ratios between the three thermal components are held fixed in models 1-2, at values EM middle /EM cool = 0.85 and EM hot /EM cool = 0.7, which gave good results in the case of NGC 2362 (Damiani et al. 2006a ). The first two models gave generally poorer fits than models 3-6. The latter four models gave similar acceptance probabilities for each spectrum; however, visual inspection of observed spectra and model fits showed that some features were consistently better reproduced by the last model, which has the largest number of free parameters. We therefore adopt this latter spectral model, for all groups except for Field-MS and Foreground, which because of the small number of total X-ray counts were fitted using a 2T model (with fixed absorption N H in the case of Foreground sources). Observed (cumulative) spectra and model fits are shown in Figures 25 and 26 .
For unidentified hard sources the 3T model with a single absorption value yielded always unsatisfactory fits. A much better model had two free temperatures, each component with a different absorption N H , left free to vary (metal abundance were instead set to 0.3 times the solar value). The fit yielded a χ 2 /d.o. f. = 173.9/144 (probability P = 0.045), and best-fit parameters kT 1 = 1.35 keV, N H1 = 4.76 · 10 20 cm −2 for the soft component, and kT 2 = 6.34 keV, N H2 = 3.93 · 10 22 cm −2 for 5 These are the X-ray sources #201, 377, 430, 647, 699, 1008 , 1016 , 1225 , and 1379 A&A proofs: manuscript no. the hard component. Table 4 reports the best-fit parameters for each group. Also listed is the count-rate to flux conversion factor, corrected for absorption, which is used to compute source X-ray luminosities (in the 0.4-8.0 keV band), listed in Table 1 . In particular, the conversion factor for Group 3 sources, assuming a minimum number of 20 X-ray counts for a detection anywhere in the FOV, implies for the PMS members completeness down to L X ∼ 8.4 × 10 29 erg/s. The minimum detected X-ray luminosity for optically unidentified soft sources (and likely members as well) is L X ∼ 2.0 − 2.4 × 10 29 erg/s, attained only in the FOV center.
The best-fit absorption N H from Table 4 for OB, A-F, and PMS stars is consistent with the value inferred from optical extinction. IR-and Hα-excess stars have best-fit N H twice as large, which might indicate higher gas and dust column densities towards these stars; however, the number of X-ray counts used in the fits are smaller than for the other member groups, so the actual significance of the increased best-fit absorption is unclear. The A-F stars have X-ray temperatures very close to the PMSbright stars, in agreement with the hypothesis that their emission originates from coronae of colder binary companions (which we discuss in detail below). The comparison between best-fit temperatures of bright and faint PMS members confirms that the average X-ray emission hardens towards the lower-mass stars, even disregarding flaring stars. The best-fit temperatures of soft unidentified sources (also to be discussed below) are approximately consistent with those of the fainter PMS stars.
X-rays from massive stars
We have studied the X-ray emission of massive O and B stars in the cluster. While they has been studied using XMM-Newton data by Sana et al. (2006b) , our higher-resolution Chandra image enables us to test if their results are affected by source confusion, which may easily happen in such a dense cluster. This may be especially true for the B stars, which generally have X-ray luminosities comparable to lower-mass stars, and are outnumbered by these latter stars by a large factor. We have therefore computed L X upper limits for all massive stars listed by Sana et al. (2006b) which remained undetected in our observation, as reported in Table 5 . However, it turns out that all massive stars positively detected in X-rays by Sana et al. (2006b) (their Table 2) are also detected in our data (if falling within the ACIS FOV). Their conclusions on X-ray emission from massive stars are therefore not affected by source misidentification. Since the XMM-Newton X-ray spectra of these stars presented by Sana et al. (2006b) have a considerably larger number of photons than the ACIS spectra in our datasets, we do not consider them further here.
We have studied source #1008 (the Wolf-Rayet star HD 152270 = WR 79 6 ), which was not studied by Sana et al. (2006b) , and has a peculiar, hard spectrum (Figure 27 ). Despite being clearly identified with a massive star, this spectrum shares some similarities with that of the fainter unidentified hard sources fitted above (hard and soft components with differing absorption), and is accordingly well fitted (χ 2 /d.o.f. =31.2/31) by a two-temperature model (kT = 1.1 and 1.9 keV) with very different absorption (N H = 2.18 · 10 22 and 49.4 ·10 22 cm −2 , respectively, the latter being poorly constrained). Compared to the above fits of unidentified hard sources, the absorption of both components in WR 79 is much larger. It would correspond (using an interstellar gas/dust ratio) to optical extinctions towards the two components of 10 and >200 mag, respectively, far higher than the star optical extinction (no different from the rest of the cluster, judging from the optical two-color diagram). Examining the X-ray image, the hard and soft components do not appear to be spatially distinct, making unlikely a chance superposition with a heavily obscured background source. Also the agreement between X-ray and optical/IR positions is very good (0.17 ′′ using the 2MASS position), and the intensity (count rate) of the source is much larger than all hard unidentified sources (where most background objects are expected to fall). Therefore the ob- served spectrum is most likely intrinsic to WR 79. The hard, strongly absorbed spectrum of WR 79 is reminiscent of that of WR 20a in Westerlund 2 (Nazé, Rauw and Manfroid 2008) , but is still hotter and more absorbed than it; if interpreted in the same framework, it suggests production of hard X-rays in stronger shocks within a denser wind-wind collision zone, compared to WR 20a. In the same way, the hard-component absorption is significantly higher in WR 79 than in the WR stars in Westerlund 1 (Skinner et al. 2006a) , and in the colliding-wind binary WR 147 (Skinner et al. 2007 , Zhekov 2007 . WR 79 is actually one of the few WR stars of type WC to be detected in X-rays (Oskinova et al. 2003 , Skinner et al. 2006b ), probably because of its binary nature.
X-rays and stellar properties
We study here how X-ray emission is related to stellar properties in NGC 6231. Apart from massive stars, very little detail is known for other cluster members. For these latter we use the available optical photometry to estimate stellar masses and bolo-A&A proofs: manuscript no. Damiani-NGC6231 metric luminosities L bol , assuming for all stars the same average cluster reddening and distance. In particular, masses and L bol were computed for PMS stars using the BHAC or Siess et al. (2000) 5-Myr isochrone in the (V, V − I)) CMD (as discussed in Sect. 5), and masses of higher-mass MS stars (above ∼ 7M ⊙ ) using the 3-Myr non-rotating solar-metallicity isochrone from Ekström et al. (2012) . The B0.7Ia supergiant HD 152235 was assigned a mass of 30 M ⊙ according to Fraser et al. (2010) . Bolometric luminosities for OB stars were taken from Sana et al. (2006b) . For X-ray sources showing flares in their lightcurve, we have interpolated or extrapolated the lightcurve outside the flare to compute "quiescent" X-ray luminosities, which are used here (both quiescent and average L X values are reported in Table 1, as well as the Kolmogorov-Smirnov test probability P K−S that the source emission is not compatible with being constant). Figure 28 shows the X-ray luminosity L X vs. the stellar mass for cluster member stars. At low masses, L X increases rapidly with mass until M ∼ 2M ⊙ , shows a large spread between 2M ⊙ < M < 10M ⊙ , and increases again for higher masses. We have seen in Section 5 that the 2 − 3M ⊙ range is the one comprising stars either just arrived on the ZAMS, or still crossing the radiative track during their PMS evolution. This relatively small mass range therefore comprises a wide range of stellar spectral types (from type A to G-early K), because of the cluster age spread, and a corresponding range of stellar structures (from absence to preponderance of convective envelopes). The large L X spread we find for the 2−3M ⊙ range agrees with a different origin between X-rays from early and late-type stars in this mass range, with late-type stars being more X-ray luminous, up to L X ∼ 10 31 erg/s. The mass range in which the PMS-ZAMS transition occurs depends on the cluster age (and age spread): for a younger cluster such as the ONC this transition occurs at higher masses, so that the X-ray luminosity keeps increasing with mass up to higher masses (∼ 3M ⊙ ) while still in the PMS stage, and reaches up to L X ∼ 10 31.5 erg/s or more , before it declines in higher-mass ZAMS stars. As already noted when discussing the Hα-index diagram of Fig. 13 , the pattern of L X vs. stellar mass of Fig. 28 agrees therefore with the estimated age of NGC 6231. Figure 29 shows cumulative distributions of X-ray count rates for the various groups. In order to test if, as suggested above, the (soft) optically unidentified X-ray sources are consistent with being low-mass cluster members we have shown the cumulative count-rate distribution for PMS stars both in its entirety (red solid line), and separately for stars brighter and fainter than V = 20.5, respectively (red dotted and dashed lines): the latter count-rate distribution is nearly identical to that of unidentified sources, strengthening even more our previous arguments in favor of their membership. X-ray emission from A-type stars, which we detect in a large number, is a puzzle because these stars, most of which already on the ZAMS or in their late PMS stages (Fig. 4) , do not possess deep convection zones. When detected, X-ray emission from A stars is often attributed to lower-mass binary companions, an hypothesis which we can readily test. In Fig. 18 we have seen that detected A-F stars have a similar spatial distribution to detected PMS stars; moreover, their distributions of HR1 and HR2 were also similar to those of the PMS stars (Figs. 21 and 22) , consistently with the binary hypothesis. Here, Fig. 29 shows that their count-rate distribution is almost identical to that of the (brighter) PMS stars, again consistent with the binary hypothesis. Finally, the number ratio between the X-ray detected A-F stars and the undetected A-F stars (which were argued above to be members because of their spatial distribution) is 95/189 = 0.5, which corresponds to a binary fraction of 0.33 if binarity accounts for all X-ray detections in the A-F group. This number is not unreasonable, especially in NGC 6231 which was found to contain a large percentage of massive binaries; it is also consistent with our (lower limit to the) binary fraction for PMS stars found above. Sana et al. (2006b) also conclude that the binary picture is the best explanation for their X-ray detection of late-B and A stars in NGC 6231.
We also show in Figure 30 the dependence of the ratio L X /L bol vs. stellar mass, already studied for e.g. the ONC (Flaccomio et al. 2003, their Fig.6 ) and NGC 2362 (Damiani et al. 2006a, their Fig.13 ). The bulk of NGC 6231 PMS stars fall in the range −3.5 < log L X /L bol < −2.5. This is a higher average L X /L bol ratio than PMS stars in the ONC in the same mass range . Since it has been shown that ONC PMS stars with strong accretion from a circumstellar disk have on average a reduced X-ray emission with respect to non-accreting stars of the same mass, the observed behaviour in NGC 6231 is consistent with the low fraction of cluster stars having accretion disks (∼ 5%, see Section 5.4), and stars with strong Hα-emission (∼ 9%, see Section 5.3). For more massive stars (2 < log L bol /L bol,⊙ < 6) our result agrees qualitatively with that of Sana et al. (2006b) . In both the ONC and NGC2362 a nearly constant L X /L bol ratio is found for low masses up to a cutoff mass, beyond which the ratio decreases rather abruptly by several orders of magnitude, down to the canonical ratio ∼ 10 −7 for the OB stars. Fig. 30 shows that this age-dependent discontinuity occurs at a mass ∼ 2M ⊙ in NGC 6231, while the corresponding Figure for the ONC (1-2 Myr old) shows a cutoff mass of 3M ⊙ . In NGC 2362 (5 Myr) the cutoff mass is similar to that of NGC 6231, but is less well defined since it is a less populated cluster.
Figures 28, 29 and 30 are based on X-ray selected stellar samples, and thus do not account for X-ray undetected member stars. We have therefore computed X-ray luminosity upper limits for the undetected cluster members in groups OB and A-F, to build maximum-likelihood L X distributions, separately for different mass ranges, as shown in Figure 31 . We have included among members the optically unidentified soft X-ray sources, which according to the discussion above are members near the low mass end of the X-ray detected PMS members. Since our X-ray selected sample of PMS members is complete down to a limiting flux L X ∼ 8 × 10 29 erg/s, we infer from Figure this corresponds to almost 100% completeness in mass down to ∼ 1M ⊙ . We expect a number of X-ray non-detections in the lowest mass range shown in Fig. 31 ; however we did not include L X upper limits in that range, because we do not have an unbiased member list there. The red distribution in Fig. 31 is therefore an overestimate of the true distribution in the corresponding mass range. From Fig. 31 we see that in the 3 − 10M ⊙ mass range we do not sample the median X-ray luminosity, by a small margin, because of the large fraction of non-detections. 
The cluster initial mass function
On the basis of the NGC 6231 membership determined above, we have also computed the cluster initial mass function (IMF). In order to have a better understanding of the uncertainties involved in the IMF determination, we have done it under several different assumptions. The first, and most conservative, approach is to consider only X-ray detected stars in groups OB, A-F, and PMS to be reliable members; as we have argued above, this is expected to yield very incomplete members samples among the Band A-type stars, so the resulting IMF is a sort of "lower limit" to the true IMF. The IMF obtained in this way is shown in Figure 32 , as the black solid line. A linear fit in the plotted quantities (black dotted line) gives log[∆N/∆ log M] ∼ 2.81 − 0.95 log M (with star mass M in solar-mass units), including only mass bins above log M = 0, which is our estimated completeness limit as derived above. A better assumption is to include among members also X-ray undetected stars in groups OB and A-F, at the risk of including a (minor) fraction of field stars as contaminants. It might be argued that the exact fraction of field stars in these color ranges can be estimated from consideration of nearby control fields; this approach is not assumption-free, however, since we argued above of the existence of strongly-rising extinction just behind the cluster, which might not be present in a "clean" reference field, i.e. sufficiently far from NGC 6231 center not to contain cluster members. We choose therefore not to rely on a reference field, and accept all OB and A-F candidate members in building an "upper limit" IMF: this is shown by the red dashed line in Fig. 32 , sensibly different from the first IMF for masses between 3-10 M ⊙ .
Finally, we presented above strong evidence that the soft, optically unidentified X-ray sources must be low-mass members as well; lacking optical data their mass must be estimated differently. Here we take advantage of the L X -mass empirical relation found e.g. in Fig. 28 (as in many other young clusters). Expressed in terms of the X-ray count rate (which makes the derivation independent of the adopted conversion factor between count rate and flux), we replot it in Figure 33 , for PMS stars only. A principal-component analysis yields the relation log M/M ⊙ ∼ 0.1084 + 0.46 log r X , where r X is the ACIS X-ray count rate in counts/ksec. Adding these mass estimates for unidentified soft X-ray sources, as well as the few Hα-emission X-ray undetected members, to the previous IMF yields the one shown in Fig. 32 with a green dashed line: the increment is modest, and almost limited to the lowest five mass bins, most of which are anyway affected by incompleteness, as discussed above. A linear fit gives log[∆N/∆ log M] ∼ 3.19(±0.12) − 1.14(±0.12) log M (green dotted line). The blue long-dashed line is instead the Chabrier (2003) model, with arbitrary normalization, which is not a good approximation of our data.
We therefore adopt Γ = −1.14 as the "best" value for the IMF slope, as this is based on the most complete NGC 6231 member list. SSB obtain from their analysis of NGC 6231 photometry a value of Γ = −1.1, slightly less steep than ours but consistent within the error, for log M/M ⊙ ≥ 0. We suspect that this is affected, at the low-mass end, by an excessive statistical subtraction of putative field stars, based on a control field. Supporting this suggestion is the different sensitivity to faint stars near the cluster core and in any neighboring field free of bright stars, as already discussed in previous sections. Our X-ray based membership is very robust for the PMS members, down to our completeness limit which is nearly coincident with the lower-mass limit of the SSB IMF. Comparison between the CMD source density in the PMS band and that in the adjacent Field-MS and Foreground zones suggests that only very few (perhaps 1%) of the X-ray PMS members may be contaminants.
The total mass in our complete IMF is 2.81 × 10 3 M ⊙ (of which 2.28 × 10 3 M ⊙ above 1M ⊙ ), slightly larger than the SSB estimate (2.6(±0.6) × 10 3 M ⊙ ), but consistent with it within the uncertainties. Since the true IMF is unlikely to drop abruptly below our detection threshold, the true total mass must be larger than the above value. The Weidner et al. (2010) analytical IMF formulation predicts that the total mass is 1.92 times larger than the mass above 1M ⊙ . Assuming this ratio holds here as well, and on the basis of our measured mass above 1M ⊙ , we may infer a total NGC 6231 stellar mass of 4.38 × 10 3 M ⊙ . This is very close to the total NGC 6231 mass reported in Weidner et al. (2010) (4595
−2312
+4676 M ⊙ ), on the basis of earlier observations.
Completeness and contamination
We mention here two competing effects which may have biased our above determinations of the IMF shape and total cluster mass: the number of cluster members falling outside the studied field (incompleteness), and the number of unrelated young stars mistakenly included in our sample (contamination). This latter might be important because NGC 6231 belongs to the Sco OB1 association (see the review by Reipurth 2008) . The space density of stars in NGC 6231 is clearly much higher than the diffuse population of Sco OB1, and we argued above that most of the cluster is comprised in our Chandra ACIS FOV, so these effects are small corrections to our determinations. We may nevertheless obtain an estimate of the number of stars involved from the existing XMM-Newton observations of Sana et al. (2006a Sana et al. ( , 2007 . There are 132 of their X-ray sources falling outside our combined ACIS FOV, over a spatial region ∼ 1.4 times wider than our surveyed area. Their placement in the optical CMD is shown in Figure 34 . Two ot the most massive stars there are included by Sana et al. (2008) among NGC 6231 members. Most of the lower-mass additional X-ray sources in the Figure fall in the same PMS band as our studied members, and are therefore good candidates as additional NGC 6231 members (110 stars), distributed in a low-density halo around the cluster core. This is consistent with the spatial density at the outer border of our FOV (≤ 1 source/square arcmin, Fig. 2 ). The total combined mass of A&A proofs: manuscript no. all presumably missed members is of order of ∼ 150M ⊙ , or an additional 7% to our above estimates. A fraction of them might however belong to the diffuse Sco OB1 population, which is little studied and therefore difficult to quantify, especially with respect to the low-mass populations. If we for example assume that the low-mass stars detected with XMM-Newton are genuine NGC 6231 halo members, but the few OB stars are from the diffuse population (and the same number of extraneous OB stars must be subtracted from our sample), we would add ∼ 100M ⊙ of low-mass stars and subtract ∼ 50M ⊙ of OB stars, with a net increase of only ∼ 50M ⊙ in our total-mass estimate (∼ 2%). Therefore, those estimates are not severely affected by incompleteness and contamination. It may be interesting to remark that if the last scenario is true (a few contaminating OB stars and many missed halo low-mass members in our sample), this might at least partially account for the low IMF slope found above.
Conclusions
We have observed with Chandra/ACIS-I the young cluster NGC 6231 in Sco OB1, detecting 1613 point X-ray sources down to log L X ∼ 29.3 (a complete sample down to log L X ∼ 29.8). Most of the detected sources are without doubt low-mass cluster members, and permit an unprecedented study of the latetype population of this very rich cluster. The cluster morphology is found to be nearly spherical, with a small elongation orthogonal to the galactic plane. Comparison of the X-ray source list with existing optical and 2MASS catalogues has allowed identification of 85% of the X-ray sources. The optical colormagnitude diagram of X-ray detected sources shows, in addition to many tens massive stars, a richly populated PMS cluster band with a definite spread in ages (between ∼1-8 Myr). The PMS stars appear slightly older than the massive (mainsequence or evolved) OB stars. Upon comparison with existing model isochrones, we find the Baraffe et al. (2015) models in better agreement with our data than the older Siess et al. (2000) models. The shape of the V-magnitude spread across the PMS band is suggestive of a (equal-mass) binary fraction of ∼ 20%. The IR color distribution suggests a rapid increase in extinction, by several magnitudes in V, at some distance behind the cluster.
The likelihood of membership for different star groups, defined from their position on the optical CMD, was studied by means of their spatial distribution, X-ray hardness and luminosity. We argue that the vast majority of OB and A-F stars are cluster members, regardless of their X-ray detection. The X-ray detection fraction of late-B and A stars is consistent with the hypothesis that the actual X-ray emitter is a later-type companion, while the more massive star is X-ray dark. We confirm the spatial segregation of the most massive stars, as suggested by previous studies.
We find 203 Hα-excess stars in the X-ray FOV, with Hα intensities typical of CTTS. About one-half of them lie in the cluster PMS band, and are added to our member list; of the latter, ∼ 40% were not detected in X-rays. The derived fraction of Hα-excess PMS stars is ∼ 9%, in good agreement with the trend shown by other clusters at the same age. The Hα-excess stars have no significantly different X-ray properties than the rest of PMS stars. We also find 48 bona-fide IR-excess sources, probably related to circumstellar disks, whose frequency is therefore ∼ 5% for NGC 6231 PMS stars. The spatial distribution of the IR-excess stars, both X-ray detected and undetected, is significantly wider than that of PMS stars: we argue that this is evidence of increased photoevaporation of disks in the vicinity of the cluster OB stars. A similar trend is also shown by X-ray undetected CTTS, strengthening this conclusion.
Approximately 70% of the optically unidentified X-ray sources show (spatial and X-ray) properties well consistent with those of the cluster PMS stars at their low-mass end, and we suggest that they are low-mass members as well. The remaining 30% of unidentified sources show instead much harder, multicomponent X-ray spectra very unlike cluster stars, and do not appear otherwise connected with the cluster. With more than 1300 stars with individually-determined membership, this dataset enables us to study NGC 6231 with an unprecedented detail, across a wide range of masses, down to ∼ 0.3M ⊙ (complete to ∼ 1M ⊙ ).
The X-ray properties of NGC 6231 stars are in agreement with those of coeval clusters. The mass above which L X /L bol drops is an age indicator, which agrees with the isochronal age, and is also consistent with the age-dependent discontinuity in the (Hα, V) diagram.
We find a complex, doubly-peaked X-ray spectrum for the Wolf-Rayet star WR 79, with more extreme characteristics than exhibited by stars of similar type; WR 79 is one of the few WCtype stars detected in X-rays.
Using all available membership information, we compute the cluster IMF under different hypotheses, and over nearly 2 orders of magnitude in mass. We find a best-fit slope Γ = −1.14, consistent with that found by SSB but slightly closer to the Salpeter value. The total mass of individually selected cluster members above 1M ⊙ is found to be 2.28 × 10 3 M ⊙ , while the total mass extrapolated to the bottom of the mass spectrum according to the Weidner et al. (2010) analytical IMF is 4.38 × 10 3 M ⊙ , in agreement with previous estimates. This confirms that NGC 6231 ranks among the most massive known young clusters in the Milky Way.
Appendix A: Near-IR extinction map
In order to understand better the environment in which NGC 6231 is located, we examine here the distribution of J − H colors of stars over a wider area (2 • × 2 • ). Since the intrinsic stellar J − H falls in the small range [0, 3] , this permits to estimate roughly the extinction towards the stars within the 2MASS sample in the area. The corresponding spatial map is shown in Figure A .1, based on more than 400,000 2MASS point sources. At large distances, dominant contributors are red giants, whose intrinsic J − H colors are always close to ∼ 1 (Bessell and Brett 1988) . Assuming a ratio E(J −H)/A V = 0.107 (Rieke and Lebofsky 1985) also permits to infer optical extinction values from this map. It is seen that NGC 6231 is surrounded by a region of higher average extinction, and that this increases systematically towards the galactic plane, to the south-east.
However, this is only an oversimplified description, since the true three-dimensional distribution of absorbing material has considerable structure. This can be seen from examining the local distribution of J − H (on regions 10 ′ × 12 ′ in size): these local histograms are shown in Figure A. 2, over the same spatial region as above. While at b ∼ 2 the distribution has usually a single peak, at the latitudes near NGC 6231 (b ∼ 1), including the cluster region itself, it is very often bimodal. Near b ∼ 0 an extended red tail is often seen in place of the red peak. The bimodality in the color distribution is an indication of a rapid increase in extinction over a short spatial distance; when the extinction increases smoothly no second peak is produced, like in the lowest-b histograms. In the neighborhood of the cluster, the two J − H peaks are separated by ∆(J − H) ∼ 0.7 corresponding to ∆A V ∼ 7. The dust density enhancements producing this extra extinction must be located behind the cluster, since this is rather uniformly extincted, as seen above. We cannot determine exactly how far this absorbing layer is from the cluster, but it might be related to residual dust from its parental molecular cloud, and therefore not very far behind it.
Some additional constraint may be obtained from the highlyreddened, background yellow supergiant V870 Sco (F5Ia, Herbig 1972) . This star has apparent V = 12.4 and B − V = 3.4 (SSB, star 3926); based on its spectral type and luminosity class, the intrinsic color is (B − V) 0 = 0.26 (FitzGerald 1970) , and the color excess E(B − V) = 3.14. Assuming R V ∼ 3.2, visual extinction is A V = 10.0, and the extinction-corrected V 0 = 2.4.
Again based on spectral type, the absolute visual magnitude is M V = −8.2 ± 1 (Sung et al. 2013b) , and the distance modulus (m − M) = 10.6 ± 1 (1320 +770 −490 pc). Herbig (1972) remarked that not only this star is much more reddened than NGC 6231 members, but has also a radial velocity incompatible with membership, and is likely a background object, which sets its minimum distance modulus to 11.0. The extinction difference between V870 Sco and NGC 6231 (∆A V ∼ 8.5) must therefore originate between the cluster distance (1585 pc) and the distance of this star (up to 2090 pc, (m − M) = 11.6), i.e. along 500 pc or less. This is a much more rapid A V rise than between us and NGC 6231, in agreement with our considerations above. We are in debt with the referee for calling our attention to this star. 
